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Herpes simplex virus type 1 (HSV-1) mutants that fail to express the viral immediate-early protein ICP0
have a pronounced defect in viral gene expression and plaque formation in limited-passage human fibroblasts.
ICP0 is a RING finger E3 ubiquitin ligase that induces the degradation of several cellular proteins. PML, the
organizer of cellular nuclear substructures known as PML nuclear bodies or ND10, is one of the most notable
proteins that is targeted by ICP0. Depletion of PML from human fibroblasts increases ICP0-null mutant
HSV-1 gene expression, but not to wild-type levels. In this study, we report that depletion of Sp100, another
major ND10 protein, results in a similar increase in ICP0-null mutant gene expression and that simultaneous
depletion of both proteins complements the mutant virus to a greater degree. Although chromatin assembly
and modification undoubtedly play major roles in the regulation of HSV-1 infection, we found that inhibition
of histone deacetylase activity with trichostatin A was unable to complement the defect of ICP0-null mutant
HSV-1 in either normal or PML-depleted human fibroblasts. These data lend further weight to the hypothesis
that ND10 play an important role in the regulation of HSV-1 gene expression.

Herpes simplex virus type 1 (HSV-1) is a common human
pathogen that causes recurrent infections through its ability to
establish a latent state in sensory ganglia after primary epithe-
lial infections (for a general review, see reference 58). Lytic
HSV-1 infection is characterized by abundant transcription
from the entire viral genome in a temporal cascade of imme-
diate-early (IE), early, and late gene products. The IE gene
products regulate the expression of later classes of viral genes.
In contrast, lytic cycle genes are repressed during latency, and
only the latency-associated transcripts (LATs; derived from a
single locus that lies countersense to the IE gene encoding
ICP0) are expressed in readily detectable amounts (8, 55, 69).
The IE protein ICP0 is a RING finger E3 ubiquitin ligase (4)
that is required for efficient entry into the lytic cycle and which
can induce reactivation of latent or quiescent genomes (re-
viewed in references 12, 14, 15, 29–31, and 55). ICP0 influences
many cellular pathways, and one of its most prominent activ-
ities is its ability to localize to and disrupt nuclear substructures
known as PML nuclear bodies (also known as ND10) (re-
viewed in references 10, 14, 16, and 43). This disruption occurs
through ICP0-induced degradation of PML (17), the key com-
ponent of ND10 which is required for assembly of these struc-
tures (34, 76). HSV-1 mutants that fail to express ICP0 or that
express mutant ICP0 proteins that lack RING finger activity
are unable to disrupt ND10 or to degrade PML (4, 11, 17, 44,
45). Such mutants have a profound defect in HSV-1 gene
expression after infection of limited-passage human fibroblasts
(9, 21, 62, 63).

The strong correlation between the effects of ICP0 on ND10

and its requirement for lytic virus infection prompted the hy-
pothesis that ND10 might have a repressive effect on HSV-1
gene expression and thereby constitute an intrinsic antiviral
defense. Although high-level expression of PML isoforms III,
IV, and VI (6, 22, 42) did not impede HSV-1 infection, recent
work established that depletion of PML from human fibro-
blasts increased the infectivity of ICP0-null mutant HSV-1 (20)
and that of both wild-type (wt) human cytomegalovirus
(HCMV) and a mutant HCMV deficient in IE72, which has
functional similarities to ICP0 (65, 66). Furthermore, hDaxx,
another major ND10 protein and an interaction partner of
PML, has been found to be involved in repression of HCMV
IE gene expression. The repressive effects of hDaxx are re-
lieved by the HCMV tegument protein pp71 (5, 57, 59, 72).
Sp100, yet another major ND10 component, has been impli-
cated in repression of HSV-1 gene expression (48) and in the
regulation of Epstein-Barr virus transcription (40). The accu-
mulating evidence that several ND10 proteins are involved in
the repression or regulation of viral gene expression lends
support to the hypothesis outlined above. However, depletion
of PML by no means completely eliminates the defect of ICP0-
null mutant HSV-1 (20), suggesting that other factors must
also be involved in the ICP0-null mutant phenotype in human
fibroblasts. These could be connected with ND10 or could
involve other cellular pathways, such as ICP0 interactions with
histone deacetylase (HDAC) enzymes and their associated
proteins, as suggested in a number of recent studies (25, 41,
53, 75).

This study set out to determine whether depletion of Sp100
either by itself or in combination with PML could influence the
gene expression and plaque formation efficiencies of ICP0-null
mutant HSV-1. We found that depletion of Sp100, like that of
PML, improved ICP0-null mutant HSV-1 replication and that
simultaneous depletion of both proteins further decreased re-
pression of the mutant virus. Although simultaneous depletion
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of PML and Sp100 substantially increased the infectivity of
ICP0-null mutant HSV-1, the mutant virus was not comple-
mented to wt levels. Therefore, PML and Sp100 are both
involved in the regulation of HSV-1 gene expression, but ad-
ditional factors must be invoked to explain the full extent of the
defect of ICP0-null mutant HSV-1 in human fibroblasts.

MATERIALS AND METHODS

Viruses and cells. HSV-1 strain 17� was the wt strain used, and the ICP0 null
mutant dl1403 was derived from this strain. Viruses in1863 and dl1403/CMVlacZ
are derivatives of the above that contain the lacZ gene under the control of the
HCMV promoter/enhancer inserted into the tk gene (kindly provided by Chris
Preston). HSV-1 mutant tsK includes a temperature-sensitive lesion in ICP4
(54), and mutant virus in1374 contains the tsK lesion, a deletion of the ICP0
gene, and a mutation within VP16 that inactivates its ability to stimulate IE gene
expression (56). All viruses were grown in baby hamster kidney (BHK) cells and
titrated in U2OS cells, in which ICP0 is not required for efficient replication of
HSV-1. Viruses tsK and in1374 were propagated at the permissive temperature
of 31°C, and the latter was grown in the presence of 2.5 mM hexamethylene
bisacetamide (56). All viruses were used at multiplicities of infection (MOIs)
based on their PFU titers in U2OS cells, regardless of the cell type used (15).
U2OS cells were grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum. BHK cells were grown in Glasgow modified Eagle’s
medium supplemented with 10% newborn calf serum and 10% tryptose phos-
phate broth. Primary human fibroblasts isolated from human foreskin tissue (HF
cells; Department of Urology, University of Erlangen) were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum. HepaRG
hepatocyte cells (23) were grown in William’s medium E supplemented with 10%
FBS Gold (PAA Laboratories Ltd.), 2 mM glutamine, 5 �g/ml insulin, and 0.5
�M hydrocortisone. All cell growth media were supplemented with 100 units/ml
penicillin and 100 �g/ml streptomycin. Lentivirus-transduced cells were main-
tained with continuous antibiotic selection, as appropriate.

Lentiviruses, transduction, and shRNA sequences. HF cells were transduced
with lentivirus vectors expressing either a control anti-luciferase short hairpin
RNA (shRNA), anti-PML shRNA (19), or anti-Sp100 shRNA to produce the
HF-shLuci, HF-shPML1, and HF-shSp100-2 cell lines, respectively. The anti-
luciferase and anti-PML shRNA sequences were the same as those utilized to
prepare the siLuci and siPML2 cells described previously (20, 65). Note that the
siPML2 sequence of the 2006 studies is the same as that named shPML1 in this
paper. The sense-strand DNA sequence of the anti-Sp100 shRNA was 5�-GTG
AGCCTGTGATCAATAA, which corresponds to a sequence common to all
Sp100 isoforms. The sequence starts within codon 350 and is preceded by the
sequence AA. Processing of the transcribed shRNA results in production of a
21-bp small interfering RNA that is complementary to the above sequence and
which has additional complementary U residues at its 3� end, resulting from Pol
II terminating within a poly(T) tract following the hairpin sequence. The shRNA
sequence was built into double-stranded oligonucleotides (using a BD Bio-
sciences design tool) for cloning into a lentivirus plasmid vector based on
pLKO.1puro, from which lentivirus stocks were derived as described previously
(19, 20). Transduced cells were selected with puromycin (initially used at 1 �g/ml
and then reduced to 0.5 �g/ml during subsequent passages) and maintained in
medium containing puromycin. Derivatives of the above plasmid vectors that
expressed neomycin resistance were also constructed. Cells transduced with
lentiviruses made from these plasmids were selected with G418 (initially used at
1 mg/ml and then reduced to 0.4 mg/ml during subsequent passages).

Plaque assays with transduced cell lines. Cells were seeded into 24-well dishes
at 1 � 105 cells per well and then infected the following day with appropriate
sequential threefold dilutions of in1863 or dl1403/CMVlacZ. After virus adsorp-
tion, the cells were overlaid with medium containing 1% human serum, and then
the cells were stained for �-galactosidase-positive plaques 24 h later, as described
previously (35). Relative probabilities of plaque formation were calculated by
comparing the numbers of plaques on the different cell lines at each separate
dilution of virus. This approach overcomes the problem of the highly nonlinear
nature (with respect to virus dilution) of plaque formation by ICP0-null mutant
viruses in human fibroblasts (15, 62, 63).

Infections and Western blot analysis. Cells were seeded into 24-well dishes at
1 � 105 cells per well and then infected the following day with wt HSV-1 or
mutant dl1403, as stated in the relevant figure legend. Cell monolayers were
washed twice with phosphate-buffered saline before being harvested in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis loading buffer. Proteins were
resolved in 7.5% sodium dodecyl sulfate gels and then transferred to nitrocellu-

lose membranes by Western blotting. ICP0, ICP4, UL42, and actin were detected
using anti-ICP0 mouse monoclonal antibody (MAb) 11060, anti-ICP4 MAb 58S,
anti-UL42 MAb Z1F11, and anti-actin MAb AC-40 (Sigma-Aldrich), as previ-
ously described (13). PML was detected with MAb 5E10 (64), and Sp100 was
detected with rabbit serum SpGH (28).

Immunofluorescence and confocal microscopy. Cells on 13-mm glass cover-
slips were infected with either wt or ICP0-null mutant HSV-1 at the chosen
multiplicity and harvested at the times detailed in the figure legends. The cells
were fixed and prepared for immunofluorescence. ICP4 was detected with MAb
58S, PML was detected with rabbit serum r8 or MAb 5E10, Sp100 was detected
with rabbit serum SpGH or rat serum r26 (28), and hDaxx was detected with
rabbit serum r1866 (52). The secondary antibodies used were fluorescein iso-
thiocyanate-conjugated sheep anti-mouse immunoglobulin G (IgG; Sigma) or
Cy3-conjugated goat anti-rabbit or goat anti-rat IgG (Amersham). The samples
were examined using a Zeiss LSM 510 confocal microscope with 488-nm and
543-nm laser lines, scanning each channel separately under image capture con-
ditions that eliminated channel overlap. The images were exported as TIFF files
and then processed using Photoshop.

RESULTS

ICP0-null mutant HSV-1 exhibits enhanced plaque forma-
tion and gene expression in Sp100-depleted human fibro-
blasts. Previous work has established that depletion of PML
from human fibroblasts increases the probability of plaque
formation and enhances gene expression of ICP0-null mutant
HSV-1 (20). These observations and parallel studies using
HCMV add weight to the hypothesis that PML and ND10
contribute to an intrinsic cellular defense that represses her-
pesvirus gene expression (reviewed in references 13, 14, and
16). However, it is clear that PML cannot be the sole cellular
factor involved in HSV-1 genome repression because the en-
hancement of ICP0-null mutant replication in PML-depleted
cells is modest compared to that expected if repression were
completely lifted (20). Accordingly, we set out to test whether
other components of ND10 are also involved in HSV-1 ge-
nome repression in the absence of ICP0.

Sp100 is a major ND10 component that, like PML, is exten-
sively modified by SUMO-1 (60, 61), is expressed from an
interferon-inducible gene (24, 27), and is expressed as a series
of multiple isoforms as a result of alternative splicing (28). The
SUMO modification status of Sp100 is dependent on PML
(20). Sp100-A is the most predominant isoform, while the
longer isoforms (Sp100-B, -C, and -HMG) include a SAND
domain (and an HMG domain in the case of Sp100-HMG)
that is likely to be involved in DNA binding (3). Sp100-B is a
repressor of gene expression in transfection reporter assays
(71), and Sp100 isoforms B, C, and HMG (but not A) were
found to repress HSV-1 IE gene expression and to be involved
in interferon-mediated repression of HSV-1 gene expression
through a mechanism that requires an intact SAND domain
(48). To investigate further the role of Sp100 in HSV-1 infec-
tion of human fibroblasts, we constructed lentivirus vectors
that express shRNAs that target sequences common to all
alternatively spliced Sp100 transcripts. Preliminary experi-
ments established two shRNA sequences that result in de-
pleted Sp100 expression in transfected HeLa cells and showed
that such depletion allows increased ICP0-null mutant gene
expression in this cell type (data not shown). The more active
anti-Sp100 shRNA sequence was inserted into a lentivirus vec-
tor to enable efficient transduction of limited-passage human
fibroblasts and establishment of a cell line expressing this
shRNA (HF-shSp100-2 cells). Control cells expressing an
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shRNA sequence corresponding to the luciferase gene were
established in parallel (HF-shLuci cells). HF-shSp100-2 cells
exhibit substantially reduced levels of all Sp100 isoforms, as
analyzed by Western blotting (Fig. 1A) and by immunofluo-

rescence (Fig. 2, row 2). Up to 90% of the cells exhibited levels
of fluorescence staining of Sp100 that were not distinguishable
from nonspecific background fluorescence.

HF-shLuci and HF-shSp100-2 cells were then used to deter-
mine the probability of plaque formation of wt and ICP0-null

FIG. 1. Depletion of Sp100 from human fibroblasts allows in-
creased plaque formation and gene expression by ICP0-null mutant
HSV-1. (A) HF cells were transduced with lentiviruses expressing
control and anti-Sp100 shRNAs to give cell lines HF-shLuci and HF-
shSp100-2, and then cell extracts were analyzed for Sp100 expression
by Western blotting using anti-Sp100 rabbit serum SpGH. The posi-
tions of the molecular weight markers and the likely identities of the
major Sp100 isoforms are marked. (B) HF-shLuci and HF-shSp100-2
cells were infected with wt and ICP0-null mutant HSV-1 at low MOIs
suitable for plaque assays (the starting MOI was approximately 0.01 for
the wt and 1.0 for the mutant, and then five further sequential three-
fold dilutions were used), and then the relative probability of plaque
formation at a given dilution of each virus in HF-shSp100-2 cells was
calculated with respect to that in HF-shLuci cells. The data represent
the means for six independent repeat experiments using two different
isolates of the cell lines. The error bars show the standard errors of the
means (SEM). (C) HF-shLuci and HF-shSp100-2 cells were infected
with wt or ICP0-null mutant HSV-1 at an MOI of 2 PFU per cell, and
then samples were harvested 4, 6, and 8 h after infection for analysis of
expression of ICP4 and UL42 by Western blotting. The blots were also
probed for actin as a loading control.

FIG. 2. Depletion of Sp100 does not affect the localization of PML
or hDaxx within ND10 or their relocalization to sites associated with
HSV-1 genomes. Each row shows the two channels of the same field of
view stained as indicated. Row 1, HF cells transduced with a control
lentivirus stained for PML (left) and Sp100 (right); row 2, HF-Sp100-2
cells were analyzed in parallel and stained for PML (left) and Sp100
(right) (the images in both panels were captured under identical con-
ditions); row 3, HF-Sp100-2 cells stained for PML (left) and hDaxx
(right); rows 4 and 5, HF-Sp100-2 cells infected at a low MOI with
ICP0-null mutant virus dl1403 and then stained the following day for
ICP4 (left) and either PML (row 4) or hDaxx (row 5). Images of cells
at the edges of plaques showing typical asymmetric foci of ICP4 in
early replication compartments associated with either PML or hDaxx
are illustrated.
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mutant HSV-1 strains containing a lacZ reporter gene. Subse-
quent staining of cells for �-galactosidase activity facilitated
the identification of plaques (35). Because the plaque-forming
efficiency of ICP0-null mutant HSV-1 is highly nonlinear with
respect to virus dilution in human fibroblasts, threefold dilu-
tions of virus were used, and the numbers of plaques at each
dilution were compared between the two cell lines. This
method of analysis gives relative probabilities of plaque for-
mation at a given virus dose and therefore provides a more
accurate comparison than does estimation of apparent virus
titer, since the latter varies considerably with virus dilution.
The experiment was repeated several times with independently
derived pairs of cell lines. The results indicate a clear increase
in the probability of ICP0-null mutant HSV-1 plaque forma-
tion, on the order of fivefold, in HF-shSp100-2 cells, whereas
wt HSV-1 plaque formation is very similar in the two cell types
(Fig. 1B).

HSV-1 gene expression was analyzed in the two cell types by
infecting them with wt and ICP0-null mutant viruses at an MOI
of 2 and then harvesting samples 4, 6, and 8 h after virus
adsorption. The levels of ICP4 and UL42 expression (typical
representatives of the IE and E classes of HSV-1 proteins)
were similar after wt virus infection of the two cell lines,
whereas their expression from the ICP0-null mutant virus was
enhanced in the Sp100-depleted cells (Fig. 1C). These data are
consistent with previous work (48) and indicate that the pres-
ence of endogenous Sp100 isoforms decreases the efficiency of
ICP0-null mutant HSV-1 gene expression in cells in which the
ICP0-null mutant phenotype is most pronounced.

Depletion of Sp100 does not affect the localization of other
major ND10 components or their relocalization to sites asso-
ciated with HSV-1 genomes. It has been established that com-
ponents of ND10, such as PML, Sp100, and hDaxx, relocate to
establish novel ND10-like structures that are in close associa-
tion with HSV-1 genomes soon after they enter the nucleus. In
a wt virus infection, this process is very short-lived because
expression of ICP0 leads to degradation of PML, a loss of
SUMO-modified Sp100 isoforms, and dispersal of the other
ND10 proteins. However, this recruitment is far more pro-
nounced in the absence of ICP0 because PML remains stable
(18, 21). Surprisingly, despite PML being required for normal
ND10 assembly in uninfected cells, the ND10 proteins Sp100
and hDaxx are recruited efficiently into ND10-like foci associ-
ated with ICP0-null mutant HSV-1 genomes during infection
of PML-depleted cells (20). We found that Sp100 is not re-
quired for the localization of hDaxx into ND10 in uninfected
cells (Fig. 2, compare rows 1 and 3). Using the technique of
detecting the locations of HSV-1 genomes and early replica-
tion compartments by staining for the viral transcriptional reg-
ulator ICP4, we observed that Sp100 was not required for the
recruitment of either PML or hDaxx into the ND10-like foci
that form in association with ICP4-defined viral nucleoprotein
complexes (Fig. 2, rows 4 and 5).

Simultaneous depletion of both PML and Sp100 from hu-
man fibroblasts significantly enhances the replication effi-
ciency of ICP0-null HSV-1. Depletion of either PML (20) or
Sp100 (Fig. 1) independently increases the fitness of ICP0-null
mutant HSV-1, but in both cases the increases are modest com-
pared to the full extent of the defects of such viruses (increases on
the order of 5-fold in both cases, compared to a total defect on the

order of 1,000-fold in HF cells). Therefore, we investigated
whether simultaneous depletion of both proteins further in-
creases the probability of plaque formation by the mutant virus.
Cells were first depleted of Sp100, and then these cells were
transduced a second time with lentiviruses expressing a different
selectable marker and either shLuci or shPML-1 shRNA to cre-
ate HF-shS/L and HF-shS/P cells. In parallel, the control HF-
shLuci cells were transduced with a lentivirus expressing the same
control and anti-PML shRNAs (HF-shL/L and HF-shL/P cells).
It proved to be difficult to establish cell lines in which both PML
and Sp100 were depleted to the extents possible in the single-
transduction cell lines. Because depletion of PML causes redis-
tribution of Sp100 into a more diffuse localization pattern of
reduced fluorescence intensity, it was also difficult to determine
precisely the proportion of cells extensively depleted of both pro-
teins. Several independent batches of shS/P cells were produced,
with estimated proportions of doubly depleted cells varying from
25% to 70%.

HF-shL/L, HF-shS/L, HF-shL/P, and HF-shS/P cells were
infected with wt and ICP0-null mutant HSV-1 to determine the
relative probabilities of plaque formation. While plaque for-
mation by the wt virus was equally efficient in the four cell
lines, there was an enhancement on the order of 15-fold in the
probability of plaque formation by the ICP0-null mutant at a
given virus input in shS/P cells (Fig. 3). This increase was a

FIG. 3. HF cells depleted of both PML and Sp100 allow a greater
probability of plaque formation by ICP0-null mutant HSV-1 than do cells
depleted of either protein alone. HF cells doubly transduced with lenti-
viruses expressing anti-luciferase control shRNAs (shL/L) or combina-
tions of control and anti-Sp100 or anti-PML shRNAs (shL/S and shL/P)
or both anti-Sp100 and anti-PML shRNAs (shS/P) were isolated using
lentiviruses with either neomycin or puromycin selection cassettes. The
cells were used to determine the probability of plaque formation by either
wt (in1863) or ICP0-null mutant (dl1403/CMVlacZ) virus by staining for
�-galactosidase activity 24 h after low-MOI infection. The experimental
details of the MOIs and dilutions used were similar to those outlined in
the legend to Fig. 1. The error bars represent SEM.
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further three- to fivefold greater than that in parallel cells
depleted individually of PML or Sp100. Despite this improved
probability of plaque formation, simultaneous depletion of
both PML and Sp100 does not eliminate the ICP0-null mutant
defect, since this is on the order of 1,000-fold in parental HF
cells.

Depletion of either PML or Sp100 increases ICP0-null mu-
tant HSV-1 replication efficiency in a human hepatocyte cell
line. Although we found that human fibroblasts depleted of
both PML and Sp100 were routinely more permissive for
ICP0-null mutant HSV-1 infection than cells depleted of either
protein alone, the extent of the increase varied between inde-
pendent sets of isolated cells. This may have been related to
the difficultly of establishing cell lines highly depleted of both
proteins. Therefore, we sought a different cell system with
which to test the conclusions arising from the work with HF
cells. We found that HepaRG cells were ideally suited for this
purpose. HepaRG cells have an epithelial phenotype and were
derived from the liver of a patient suffering from hepatocarci-
noma (23). They have few chromosomal abnormalities and
retain the ability to differentiate into cells with most of the
markers of normal hepatocytes and are therefore similar in
many respects to primary human hepatocytes (23). Initially,
HepaRG cells were transfected with plasmids expressing the
shLuci, shPML-1, and shSp100-2 shRNAs, and individual
clones were isolated after puromycin selection. Two indepen-
dent (each) PML- and Sp100-depleted clones (HAP1, HAP2,
HAS9, and HAS10) were analyzed, along with the parental
HepaRG cells and a control shLuci cell line (HAL7). Western
blotting confirmed that the cells were depleted of either PML
or Sp100 as expected (Fig. 4A). As in the case of human
fibroblasts (20), depletion of PML caused the loss of the likely
SUMO-modified form Sp100-A (Fig. 4A).

Plaque assays indicated that the probability of plaque for-
mation of the ICP0-null mutant HSV-1 was increased by de-
pletion of either PML or Sp100 from HepaRG cells (Fig. 4C),
while that of the wt virus was unaffected (Fig. 4B). The two
independent clones of the PML- and Sp100-depleted cells gave
similar results. Western blot analysis of infected HepaRG,
HAL7, HALP1, and HALS10 cells confirmed the expected

FIG. 4. Effects of simultaneous or individual depletion of PML and
Sp100 on HSV-1 infection in nontransformed human hepatocytes.
Individual clones of HepaRG cells expressing shRNAs targeting lucif-
erase (HAL7), PML (HAP1 and HAP2), or Sp100 (HAS9 and
HAS10) were isolated. Cells depleted of both PML and Sp100 (HAP1/
shS2 and HAS10/shP1) were derived by lentivirus transduction of
HAP1 and HAS10 cells, respectively. (A) Western blot analysis of
PML, Sp100, and an actin loading control in HAL7, HAP1, HAS10,
and HAP1/shS2 cells. The various isoforms of PML and Sp100 are
marked. The filter was probed sequentially for the two proteins. (B to
D) The relative probability of plaque formation by either wt (in1863)
or ICP0-null mutant (dl1403/CMVlacZ) virus in the complete set of
cell lines was tested by staining for �-galactosidase activity 24 h after
low-MOI infection. Panel C shows the plaque formation probabilities
of the ICP0-null mutant virus in the cell lines depleted individually of
PML or Sp100. The data in panel C are repeated in panel D, which
also includes the data from plaque assays with cells depleted of both
PML and Sp100. HepA, naı̈ve HepaRG cells. The experimental details
of MOIs and dilutions used were similar to those outlined in the legend
to Fig. 1. The error bars represent SEM.
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increase in ICP0-null mutant but not wt HSV-1 gene expres-
sion (Fig. 5).

Simultaneous depletion of both PML and Sp100 from hu-
man hepatocytes significantly enhances the probability of
plaque formation by ICP0-null HSV-1. HAP1 and HAS10 cells
were transduced with lentiviruses expressing a different select-
able marker and the shSp100-2 and shPML-1 shRNAs, respec-
tively, to create cells depleted of both proteins (HAP1/shS2
and HAS10/shP1 cells). In contrast to the case for the exper-
iments using human fibroblasts, populations of cells highly
depleted of both proteins could be isolated quite easily (Fig.
4A). Immunofluorescence analysis indicated that �90% of the
cells were highly depleted of both proteins, in that the fluores-
cence staining intensity was diffuse and no higher than the
background (data not shown).

Plaque assays with these cells revealed a further increase in
the probability of plaque formation of the ICP0-null mutant
over that seen in the singly depleted cells (Fig. 4D), while
having no effect on wt HSV-1 plaque formation (Fig. 4B). The
extent of this increase was such that it was frequently not
possible to compare the numbers of plaques on the control and
doubly depleted cells at a given virus dilution because those
giving a reliable number of plaques on the control cells re-
sulted in far too many plaques to count on the depleted cells.
Therefore, the data in Fig. 4D were calculated on the basis of
the further increases in plaque numbers in the doubly depleted
cells over their singly depleted parents.

To eliminate the possibility that the results were influenced
by the use of clonal cell lines, the experiments were repeated
by making mixed cell populations depleted of either PML,
Sp100, or both by using lentivirus transduction at both stages.
In this case, all singly transduced cells (HALL, HALP1, and
HALS2 cells [cells transduced with lentiviruses expressing
shLuci, shPML-1, and shSp100-2 shRNAs, respectively]) were
transduced a second time with lentiviruses expressing a differ-

ent selectable marker and each of the shRNAs. These second-
generation cells were named HALL/L, HALP1/L, HALS2/L,
HALP1/S2, and HALS2/P1 cells. Western blot analysis con-
firmed the expected high levels of depletion of either PML,
Sp100, or both, depending on the presence of the shPML-1
and/or shSp100-2 shRNA (Fig. 6A). Plaque assays indicated
that while the probabilities of plaque formation by the wt virus
were similar for all cell lines (Fig. 6B), those of the ICP0-null
mutant were enhanced in the singly depleted cells, to similar
extents to those in the clonal cell lines used previously (Fig.
6C). Again, there was a further enhancement of plaque for-
mation probability in the doubly depleted cells (Fig. 6C). West-
ern blot experiments demonstrated that wt HSV-1 gene ex-
pression was equivalent in HepaRG, HALL, HALP1, and
HALP1/S2 cells, while ICP0-null mutant HSV-1 exhibited en-
hanced UL42 expression in HALP1 cells compared to that in
the two control cell lines, and this was greater still in
HALP1/S2 cells (Fig. 7).

Repression of the genome of mutant HSV-1 that fails to
express active VP16, ICP0, and ICP4 is less efficient in hepa-
tocytes depleted of both PML and Sp100. HSV-1 mutants that
lack the IE gene transactivation function of VP16, express a
severely truncated form of ICP0, and include a temperature-
sensitive (ts) allele of ICP4 are highly susceptible to cell-me-
diated repression following infection of human fibroblasts (56).
Such viruses, exemplified by mutant in1374, can be used to
infect cells at a relatively high MOI (3 PFU per cell), such that
a large proportion of cells receive one or more viral genomes
but only a negligible proportion exhibit detectable levels of
viral gene expression by 24 h after infection (56). Such expres-
sion is most conveniently detected through the HCMV-driven
lacZ marker gene in in1374. We recently demonstrated that
compared to control cells, a higher proportion of PML-de-
pleted fibroblasts failed to repress in1374 expression 24 h after
infection, although repression still occurred in the majority of
PML-depleted cells (19). We investigated whether in1374 is
similarly repressed in hepatocytes and whether depletion of
PML, Sp100, or both alters the efficiency of repression of the
defective viral genome.

The HAL series of cells was infected with in1374 at an MOI
of 3, in either the presence or absence of virus tsK (MOI of 2),
and then the cells were incubated at 38.5°C for 24 h before
being stained for �-galactosidase activity. Virus tsK expresses
wt ICP0 and the same ts allele of ICP4 as that in in1374,
thereby disabling cell-mediated repression of viral gene expres-
sion and allowing expression of the marker lacZ gene. There-
fore, the coinfection experiment indicates the total number of
cells that have been infected with in1374 (56). We found that,
as in human fibroblasts, repression of in1374 was very efficient
in both parental and control hepatocytes, with only a small
number of �-galactosidase-positive cells (0.2%) (Fig. 8),
whereas coinfection with tsK resulted in over 90% of the cells
being positive (data not shown). The number of cells in which
the viral genome escaped repression was increased for PML-
depleted cells (consistent with the situation in fibroblasts) (19)
and, to a lesser extent, Sp100-depleted cells (Fig. 8). The num-
ber of �-galactosidase-positive cells was further increased by
depletion of both PML and Sp100 (Fig. 8). However, it was
clear that depletion of both PML and Sp100 did not render

FIG. 5. Western blot analysis of wt and ICP0-null mutant HSV-1
infection of HepaRG, HAL7, HAP1, and HAS10 cells. Cells were
infected with wt HSV-1 strain 17 (top) or ICP0-null mutant dl1403
(bottom) at an MOI of 2 PFU per cell in both cases. Samples harvested
at the indicated times were analyzed by Western blotting for ICP4,
UL42, actin, and in the case of the wt virus, ICP0. m, control mock-
infected lanes; hpi, hours post-virus adsorption.

2666 EVERETT ET AL. J. VIROL.



in1374 gene expression independent of ICP0, VP16, and ICP4
in the majority of cells.

hDaxx can be recruited to the sites of HSV-1 genomes in
cells depleted of both PML and Sp100. Although there was a
substantial increase in the probability of plaque formation by
the ICP0-null mutant in HepaRG cells depleted of both PML
and Sp100, the mutant was not complemented to wt virus
levels. By comparing the absolute plaque-forming titers of
stocks of wt and ICP0-null mutant HSV-1 in HepaRG,
HALP1/S2, and U2OS cells (in which ICP0 is not required for
HSV-1 infection) (74), we estimate that the effect of depleting
both PML and Sp100 from HepaRG cells is to increase the
plaque-forming efficiency to approximately 20% of that of the
wt virus in hepatocytes. This observation raises the question of
which cellular factors are responsible for the remaining repres-
sion of the ICP0-null mutant HSV-1 genome. These factors
may or may not be related to the components of ND10.

If the cellular response that leads to the accumulation of
ND10 proteins in close association with parental HSV-1 ge-
nomes is indeed relevant to the repression of those genomes
that occurs in the absence of ICP0, the relatively modest in-
creases in ICP0-null mutant replication in the absence of either
PML or Sp100 individually could be related to the continued
recruitment of other ND10 proteins (20) (Fig. 2). Because the
ICP0-null mutant is still subject to repression, albeit less effi-
ciently, in HepaRG cells depleted of both PML and Sp100, we

FIG. 6. Effects of simultaneous or individual depletion of PML and
Sp100 on HSV-1 infection in nontransformed human hepatocytes. Hep-
aRG cells transduced with lentiviruses expressing shRNAs targeting lu-
ciferase (HALL), PML (HALP1), or Sp100 (HALS2) were isolated.
These cell lines were then transduced a second time with lentiviruses with
a different selectable marker expressing the same shRNAs to give cell
lines HALL/L, HALP1/L, HALS2/L, HALP1/S2, and HALS2/P1 (L, S2,
and P1 indicate shRNAs Luci, shSp100-2, and shPML1, respectively).
(A) Western blot analysis of PML, Sp100, and an actin loading control in
HepaRG, HALL, HALP1, HALS2, HALP1/S2, and HALS2/P1 cells. The
various isoforms of PML and Sp100 are marked. The filter was probed
sequentially for the two proteins. (B and C) The relative probability of
plaque formation by either wt (in1863) (B) or ICP0-null mutant (dl1403/

CMVlacZ) (C) virus in the complete set of cell lines was tested by
staining for �-galactosidase activity 24 h after low-MOI infection.
HepA, naı̈ve HepaRG cells. The experimental details of MOIs and
dilutions used were similar to those outlined in the legend to Fig. 1.
The error bars represent SEM.

FIG. 7. Western blot analysis of wt and ICP0-null mutant HSV-1
infection of HepaRG, HALL, HALP1, and HALP1/S2 cells. Cells
were infected with wt HSV-1 strain 17 (top) or ICP0-null mutant
dl1403 (bottom) at an MOI of 5 PFU per cell in both cases. Samples
harvested at the indicated times were analyzed by Western blotting for
ICP4, ICP0, and UL42. 0, control mock-infected lanes; hpi, hours
post-virus adsorption.
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questioned whether recruitment of hDaxx to the sites associ-
ated with parental viral genomes and early replication com-
partments also occurs in these cells. We used the approach of
examining the locations of ND10 proteins in cells asymmetri-
cally infected at the edges of developing plaques of ICP0-null
mutant HSV-1 in relation to the sites of viral genomes identi-
fied by binding of the HSV-1 transcriptional activator ICP4, as
described above and in previous studies (18, 21). We found
that even in the apparent absence of both PML and Sp100,
hDaxx was still recruited to the sites of parental HSV-1 ge-
nomes and to early replication compartments in the absence of
ICP0 (Fig. 9). Recruitment of hDaxx to ICP4-defined HSV-1
nucleoprotein complexes also occurred in HALP1 and HALS2
cells, as efficiently as that in the parental HepaRG cells (data
not shown). Whether recruitment of hDaxx or other ND10
proteins contributes to repression of HSV-1 gene expression in
the absence of ICP0 is currently under study.

The repression of HSV-1 infection that occurs in both hu-
man fibroblasts and hepatocytes in the absence of ICP0 is
independent of histone deacetylation. Several previous studies
have implicated cellular HDACs in the mechanism by which
HSV-1 genomes become repressed. It has been established
that repressed and latent genomes have epigenetic markers

consistent with deacetylated histones and heterochromatin,
while active viral genes are preferentially associated with an
open chromatin structure characterized by acetylated histones
(32, 36–38). ICP0 and its bovine herpesvirus orthologue have

FIG. 8. The proportion of cells in which the highly defective HSV-1
mutant in1374 escapes initial repression is increased by depletion of
either PML or Sp100 individually and, to a greater extent, by depletion
of both proteins simultaneously. HepaRG, HALL, HALP1, HALS2,
and HALP1/S2 cells were infected with in1374 (MOI of 3 PFU per
cell), with or without tsK (MOI of 2 PFU per cell). All virus adsorp-
tions were performed at 37°C, and then the cells were incubated at
38.5°C overnight. The cells were stained for �-galactosidase activity the
following day. For HepaRG and HALL cells, the total number of blue
cells was counted to determine the proportion of positive cells in the
population. There were too many blue cells to count by this method for
the other cell types. Therefore, the number of positive cells in five
random fields of view, using a �25 objective lens, was counted for all
cell types. The percentages of positive cells for HALP1, HALS2, and
HALP1/S2 cells were determined by multiplying the total percentage
of positive cells in the controls by the relative increases in cell numbers
in the random fields of view for the other cell types.

FIG. 9. The major ND10 component hDaxx is recruited to the sites
of parental HSV-1 genomes in the absence of PML and Sp100. Each
row shows the two channels of the same field of view stained as
indicated. Row 1, hDaxx was present in ND10 structures in HepaRG
cells; rows 2 and 3, HepaRG cells were infected with ICP0-null mutant
virus dl1403 at a low MOI and then stained the following day for ICP4
(left) and either PML (row 2) or hDaxx (row 3). Images of cells at the
edges of plaques showing typical asymmetric foci of ICP4 in early
replication compartments associated with either PML or hDaxx are
illustrated. Row 4, HALP1/S2 cells were stained for PML (left) and
hDaxx (right); row 5, HALP1/S2 cells were infected with ICP0-null
mutant virus dl1403 at a low MOI and then stained the following day
for ICP4 (left) and hDaxx (right). An image of a cell at the edge of a
plaque showing typical asymmetric foci of ICP4 in early replication
compartments associated with hDaxx is illustrated.
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been found to interact with certain HDACs (41, 75) or proteins
that interact with HDACs and regulate their activity (25, 26,
53). Sodium butyrate, which inhibits HDAC activity, partially
relieves the defect of ICP0-null mutant HSV-1 in SK-N-SH
cells (53), while trichostatin A (TSA) (another HDAC inhibi-
tor) reverses CoREST-mediated repression of HSV-1 IE pro-
moters in transfected cells (51). However, the role of HDACs
in the phenotype of simple ICP0-null mutant HSV-1 in human
fibroblasts has not been reported. We considered the possibil-
ity that the repression of HSV-1 gene expression attributed to
ND10 components could be mediated through regulation of
HDACs or that the repression of ICP0-null mutant genomes
that continues in the absence of PML and/or Sp100 could be
the result of HDAC activity. Therefore, we investigated
whether TSA or sodium butyrate could increase ICP0-null
mutant HSV-1 gene expression or plaque formation in human
fibroblasts or HepaRG cells and their PML- and/or Sp100-
depleted derivatives.

Surprisingly, TSA treatment did not stimulate ICP0-null
mutant HSV-1 plaque formation in either human fibroblasts
or HepaRG cells, although it did increase plaque numbers
in Vero cells (Fig. 10B). In fact, TSA had a slight inhibitory
effect on plaque formation in fibroblasts when it was present
in the medium throughout the assay. Furthermore, TSA
treatment did not increase ICP0-null mutant HSV-1 repli-
cation in any of the HepaRG-derived cell lines depleted of
PML and/or Sp100 (Fig. 10C). Similarly, there was no evi-
dence that ICP0-null mutant HSV-1 could be comple-
mented by inhibition of HDAC activity using either TSA or
sodium butyrate in either normal or PML-depleted human
fibroblasts (data not shown). In all of the above experi-
ments, the cells were pretreated with TSA for 30 min before
the addition of the virus, and then the drug was maintained
in the medium throughout the assay. However, in the case of
IE1-deficient HCMV, although the presence of TSA in the
medium during the actual infection could be inhibitory to
virus replication (M. Nevels and C. Paulus, personal com-
munication), pretreatment of cells with TSA or other
HDAC inhibitors was found to overcome the IE1 defect
(49). Accordingly, we tested the effect of pretreatment of
cells for times of between 2 and 24 h with TSA at concen-
trations from 50 to 500 nM on plaque formation by ICP0-
null mutant HSV-1. The drug was removed immediately
prior to virus infection. Preliminary experiments indicated
that the effects seen were not increased further by using
TSA concentrations of �200 nM or pretreatments of longer
than 2 h. Using this approach, the inhibitory effect of TSA
did not occur, and instead, there was a slight increase, on the
order of twofold, in ICP0-null mutant HSV-1 in human
fibroblasts (Fig. 10D). This increase did not occur in either
PML-depleted fibroblasts or HepaRG cells (Fig. 10D). Pre-
treatment with sodium butyrate for 2 h prior to virus infec-
tion, followed by removal of the drug, caused a similar slight
increase in ICP0-null mutant HSV-1 plaque formation in
HF cells while not affecting that of the wt (data not shown).

These data are consistent with the previous conclusion that
TSA does not complement HSV-1 mutant in1814 (50), which
contains a mutation in VP16 such that it is unable to stimulate
IE gene expression and thus has a phenotype similar to that of
ICP0-defective mutants (1). Indeed, as in our experiments with

dl1403, TSA had a slight inhibitory effect on in1814 plaque
formation in human fibroblasts (50). We conclude that the
repression of ICP0-null mutant HSV-1 gene expression and
plaque formation that occurs in human fibroblasts and hepa-
tocytes cannot be alleviated simply by inhibiting HDAC activ-
ity. Therefore, other factors, which have yet to be determined,
must be required for the remaining repression of ICP0-null

FIG. 10. Inhibition of HDACs does not increase plaque forma-
tion by ICP0-null mutant HSV-1 in human fibroblasts and hepato-
cytes or in hepatocytes depleted of PML, Sp100, or both proteins
simultaneously. (A) HF, HepaRG, U2OS, and Vero cells were
either pretreated or not treated with TSA (50 nM) for 30 min and
then infected at a low MOI with wt HSV-1 for plaque assays. TSA
was present in the treated samples throughout virus adsorption and
subsequent incubation. Plaques were counted 48 h after infection.
The results show relative plaque counts in the presence and absence
of TSA. (B) The experiment described for panel A was conducted
in parallel with ICP0-null mutant dl1403. (C) A similar experiment
was conducted with ICP0-null mutant dl1403 in HALL, HALP1,
HALS2, and HALP1/S2 cells, and plaques were counted 38 h after
infection. (D) The indicated cell types were pretreated with 200 nM
TSA for 2 h prior to plaque assays of ICP0-null mutant HSV-1. The
drug was washed out at the time of infection. The error bars rep-
resent standard deviations.
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mutant HSV-1 genomes that occurs in cells depleted of both
PML and Sp100.

DISCUSSION

This study demonstrates that independent depletion of ei-
ther PML or Sp100 increases the efficiencies of gene expres-
sion and plaque formation by ICP0-null mutant HSV-1 and
that cells from which both proteins have been depleted exhibit
further enhancement of replication of the mutant virus. These
conclusions were confirmed using two different cell types. PML
has been implicated in an intrinsic defense against several
DNA viruses (reviewed in reference 16), but the mechanism by
which PML and ND10 contribute to HSV-1 genome repression
remains unknown. Since PML is required for the assembly of
ND10 in uninfected cells, it has the potential to affect the
localization and/or biochemical properties of all other ND10
component proteins. For example, depletion of PML has a
pronounced effect on the SUMO modification status of
Sp100-A (20; this study). Therefore, it was formally possible
that the improved replication of ICP0-null mutant HSV-1 in
PML-depleted cells could be explained by the downstream
effect on Sp100, particularly as the effects of PML depletion
and HSV-1 infection on Sp100 expression are apparently iden-
tical (20). The fact that independent depletion of either PML
or Sp100 results in similar increases in ICP0-null mutant
HSV-1 replication lends initial support for this hypothesis.
However, since depletion of both proteins results in an in-
creased effect, it is unlikely that the effect of PML depletion is
mediated solely through Sp100.

Simultaneous depletion of both PML and Sp100 does not
restore ICP0-null mutant HSV-1 plaque formation to wt virus
levels in either human fibroblasts or hepatocytes. The remain-
ing defect of the ICP0-null mutant in such cells could be due to
factors either related to or independent of other ND10 pro-
teins. An obvious candidate cellular protein that could be in-
volved in HSV-1 gene expression is hDaxx, which binds to
PML (34) and is involved in repression of gene expression (39,
46, 68) and chromatin modification (33, 73). Furthermore,
high-level expression of hDaxx inhibits the HCMV major IE
promoter, while depletion of hDaxx increases HCMV IE gene
expression (72). The repressive effect of hDaxx is targeted by
the HCMV tegument protein pp71, and the defect in IE gene
expression of pp71-deficient HCMV can be overcome by de-
pletion of hDaxx (5, 57, 59). However, our preliminary data
indicate that depletion of hDaxx has only a small effect on
ICP0-null mutant HSV-1 in human fibroblasts. It would be
interesting to test whether depletion of hDaxx in combination
with other ND10 proteins, such as PML and Sp100, or deple-
tion of other ND10 proteins involved in chromatin metabolism
also impacts the phenotype of ICP0-null mutant HSV-1.

The mechanism by which ND10 proteins accumulate at sites
associated with HSV-1 genomes is unknown. It is not depen-
dent on either PML or Sp100, yet it occurs rapidly in an
infected cell. The speed at which this process takes place and
the fact that it is counteracted by ICP0 are highly suggestive of
its biological significance. Elucidation of the proteins and
mechanisms that are required for these events could be ex-
tremely important. Whatever the cellular factors involved in
this recruitment, we know that neither de novo viral protein

synthesis nor transcription is required (19). These observations
point to the conclusion that it is entry into the nucleus of the
viral genome itself that triggers the process. Although the viral
genome may be coated with the small polyamines that are
present within the viral capsid, it will otherwise be naked until
chromatin assembly begins to take place. It is likely that chro-
matin assembly begins rapidly once the viral genome is in the
nucleus, and the recruitment of ND10 proteins may be one
aspect of this process. Indeed, several ND10 proteins are
known to be involved directly in chromatin metabolism (13).

Given the obvious importance of chromatin assembly on
viral genomes and the highly likely scenario that repression of
the genomes reflects their assembly into a repressed chromatin
structure, it is surprising that HDAC inhibitors do not com-
plement the ICP0-null mutant defect, at least in the human cell
types used here (Fig. 10). This is in apparent contrast to ob-
servations that TSA stimulates reactivation of latent or quies-
cent wt and ICP0-null mutant HSV-1 or enhances ICP0-null
mutant viral gene expression in a variety of neuronal cell types
(2, 7, 47, 53, 67). A failure of TSA to significantly stimulate
HSV-1 gene expression in human fibroblasts infected with
ICP0-null mutants was also noted in a recent study, although
this work clearly demonstrated an effect of the drug on a subset
of murine neurons, particularly within 24 h of infection (67).
The authors proposed a very interesting model in which the
degree of repression of the HSV-1 genome in latently or qui-
escently infected neurons varies considerably, such that in
some cells reactivation can be achieved by TSA treatment but,
with time, an increasing proportion of cells become refractory
to TSA and can be reactivated only by ICP0 (67). They pro-
posed that the mechanisms of reactivation induced by TSA and
ICP0 may differ or, at least, that histone deacetylation is but
one step in the process of reactivation (67).

We note that there is a distinction between the events of
reactivation from latency, during which a repressed chroma-
tin structure including hypoacetylated histones (37, 38, 70)
must be reversed, and the formation of a viral chromatin
structure during the early stages of infection. It is not nec-
essary to invoke a direct role for HDACs in the assembly of
a repressed chromatin state. The histones that are initially
loaded onto viral chromatin may be unmodified, so it is
feasible that they are subsequently modified with the epige-
netic markers of repressed chromatin without the need for
deacetylation. The demonstrated presence of acetylated hi-
stones on transcriptionally active viral genomes (32, 36)
could be explained as easily by inhibition of repressive his-
tone modifications by viral activators as by inhibition of
histone deacetylation. An important future goal is to deter-
mine whether the response of ND10 proteins to the entry of
HSV-1 genomes into the nucleus is related to regulation
through chromatin assembly and, if so, how.
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